Abbreviations. DLS = dynamic light scattering; EV = extracellular vesicles; PI = propidium iodide; TEM = transmission electron microscopy; TUNEL= terminal deoxynucleotidyl transferase dUTP nick end labeling.
Introduction
Three major morphologies of cell death have been described: apoptosis (type I), cell death associated with autophagy (type II) and necrosis (type III) [1] . During apoptosis, decrease in cell volume, cytoplasmic condensation, mitochondrial membrane permeabilization, DNA fragmentation, and chromatin condensation followed by nuclear fragmentation and cytoplasmic membrane blebbing takes place, thereby leading to the total desintegration of the cell. In the late phase of apoptosis, and as a result of cell fragmentation, apoptotic bodies are generated [2, 3] . These small membranous vesicles, which have been released into their microenviroment and blood circulation, are removed by phagocytosis thus avoiding the inflammatory response, in the same manner as described for apoptotic cells [4] .
Recent studies have reported that besides apoptosis, programmed cell death also includes autophagic cell death [3] [4] [5] . This dying process involves the engulfment of cytoplasmic material and intracellular organelles within double-membrane vesicles, called autophagosomes and occurs without unequivocal morphological manifestations of apoptosis and formation of apoptotic bodies [6] . Likewise, the process of necrosis, traditionally considered as an unprogrammed death resulting from an overwhelming insult, is also morphologically distinct from apoptosis in many of its characteristics such as loss of membrane integrity and rapid cell and organelle swelling. Interestingly, increasing studies have described a genetically programmed and regulated form of necrosis, termed necroptosis. However, necroptotic death, like cellular necrosis, culminates in cell lysis and release of the cytoplasmic content into the surrounding tissue, provoking immediate inflammation [1, 7, 8] .
It is now becoming evident that an increasing number of pathological situations can be related to aberrant apoptosis, such as cerebrovascular and neurodegenerative diseases [9] [10] [11] [12] . Thus, the evaluation of the apoptotic processes, in these neurological diseases would be useful in daily clinical practice, since it would allow an earlier and more accurate prognosis, more effective monitoring of evolution of the disease, and the selection of the most appropriate treatment for each patient. However, the in vivo analysis of apoptosis that occurs in tissue has limitations as it is currently necessary either to obtain tissue samples of patients by interventionist methods, biopsy and surgery, or to inject fluorescent or radiolabeled probes into the whole body [13, 14] . Therefore, there is an urgent medical need for non-invasive procedures that allow the study of apoptosis, preferably in a quick, simple and quantitative manner. In this context, the authors propose the determination of plasma levels of apoptotic bodies, as a means to measure in vivo apoptosis associated with cerebrovascular and neurodegenerative pathologies in a non-invasive and sensitive manner.
Hence, the aim of this study was to develop a brief time consuming, simple and reproducible method for isolating circulating apoptotic bodies that maintain structural integrity and can therefore be quantified. To address this, blood samples from patients with ischemic stroke, multiple sclerosis and Parkinson´s disease, pathological disorders in which the involvement of apoptosis has been postulated, were first collected and subjected to a protocol based on differential centrifugation. The resulting vesicle preparations were characterized by transmission electron microscopy (TEM) and dynamic light scattering analysis, and the DNA profile of these vesicles were also investigated using a Bioanalyzer. Next, flow cytometry was applied to determine the yield and purity accomplished during the developed method to isolate apoptotic bodies.
Material and methods

Patients and Blood sampling
This study was conducted with the informed consent of patients according to the Declaration of Helsinki, and the experimental protocol was approved by our institutional Human Ethics Committee. The cohort consisted of 16 patients, eight diagnosed with acute phase ischemic stroke , four diagnosed with multiple sclerosis and 5 four with Parkinson´s disease. Detailed information about the patients is presented in Table 1 . Peripheral blood (20 ml) from each patient was collected in the neurology service and deposited in tubes with sodium citrate. Within 2 hours post-extraction, whole blood was centrifuged at 160xg for 10 minutes at room temperature (RT) to separate plasma from blood cells (Figure 1 upper part). Plasma was transferred to a clean tube and stored for up to 3 days at 4ºC until proceeding with apoptotic bodies isolation.
Apoptotic bodies isolation from human plasma samples
Apoptotic bodies were isolated from plasma samples of patients with different neurological diseases, including ischemic stroke, multiple sclerosis and Parkinson´s, by differential centrifugation. The workflow for the preparation procedure of circulating apoptotic bodies is depicted in Figure 1 . The plasma phase obtained from blood samples was centrifuged at 700xg for 10 minutes at RT to remove cellular debris and large protein aggregates. Then, the supernatant was transferred to a clean polycarbonate tube, diluted with an equal volume of Tris-buffered saline 1X (TBS)(50mM Tris-Cl, 150mM NaCl, pH:7.4), filtered with a 0.22 µm pore size hydrophilic Polyethersulfone (PES) membrane (Millipore Corporation, Bedford, MA), and centrifuged at 14,000xg for 30 minutes at 12ºC to spin down apoptotic bodies (Optima L-100 XP ultracentrifuge, SW32 Ti rotor and thick wall Beckman tubes (Beckman Coulter)). Next, the remaining supernatant was eliminated and the pellet containing apoptotic bodies was resuspended by pipetting up and down gently in 0.22µm filtered-TBS 1X . The preparations of apoptotic bodies were immediately used for analysis or stored at 4ºC for up to twelve months.
Transmission electron microscopy examination
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The sediments of apoptotic bodies obtained from 1ml of neurological patients plasma by the above-mentioned centrifugation-based protocol were submitted to electron microscopy study. Each pellet was resuspended in 300µl of the ice-cold fixation buffer (EM grade 2% glutaraldehyde (Sigma-Aldrich Chemical Co) in 1X TBS) and maintained on a mixing wheel for at least 24 hours at 4ºC. After that, the samples were washed for 10 minutes with filtered Phosphate Buffer (PB)(0.1M, NaH2PO4 and Na2HPO4, pH:7.4) two times, and a single drop of 1.5 % agar was added. The embedded apoptotic bodies were post-fixed in 2% osmium tetroxide (OsO4) for 1 hour at RT and negatively stained with 2% uranyl acetate in the dark for 2 hours at 4°C.
Then, the samples were rinsed in distilled water, dehydrated in ethanol, and infiltrated overnight in Durcupan resin (Fluka-Sigma-Aldrich, St. Louis, USA). Following resin polymerization, ultra-thin sections (0.08 µm) of apoptotic bodies were cut with a diamond knife, stained with lead citrate (Reynolds solution) and examined under a transmission electron microscope FEI Tecnai G2 Spirit (FEI Europe, Eindhoven, Netherlands). Images were taken using a digital camera, model Morada (Olympus Soft Image Solutions GmbH, Münster, Germany).
Dynamic Light Scattering analysis
The isolated apoptotic bodies preparations were analyzed by dynamic light scattering (DLS) using a Malvern Zetasizer 5000 (Malvern Instruments Ltd, UK) to provide data on vesicular size distribution. DLS is an absolute sizing technique that determines size indirectly from measured speed of particles moving in suspension (larger particles travel more slowly, whereas smaller particles travel faster). When a sample consists of a mixture of molecules of different sizes, a polydispersity analysis is performed in order to determine the sizes profile of particles in the suspension as well as to assess the relative intensity (expressed as a percentage) of each particle with respect to all particles. In short, the apoptotic bodies samples were diluted 1:10 in 0.22 µm filtered PBS and placed in low volume disposable cuvettes for the analysis. Three measurements were carried out for each sample in which the DLS parameters 
Apoptotic bodies quantification using Flow Cytometry
Over the last 10 years, to ease flow cytometry analysis of small molecules, vesicles have been coupled to beads that provide a larger surface and more scattered light [15] .
However, this technical approach is inconvenient for subsequent use of vesicles for functional studies. Moreover, the detection could have imperfect reproducibility since it is largely dependent on the abundance/availability of antigen on such vesicles, which is recognized by the antibody coupled to the beads. In this way, the relative presence of various surface proteins can be determined, but this method would neither allow extracellular vesicle quantification nor discriminate between different vesicle subsets.
Accordingly, we established a direct and multi-parameter quantitative method for flow cytometric analysis of isolated apoptotic bodies, without the necessity of using antibody-coated beads. The method relies on the fact that the membrane of apoptotic bodies, as that of apoptotic cells, is characterized by the presence of pores and phophatidylserine on the external surface [16] . Thus, staining with fluorophore-coupled Annexin V in conjunction with a vital dye, such as propidium iodide (PI), can identify and quantify apoptotic bodies due to the high affinity of Annexin V for phosphatidylserine and because the DNA-carrying apoptotic bodies with pores are permeable to such nucleic acid intercalating agent. Thereby, the amount of apoptotic bodies can be calculated as the number double positive events for Annexin V and PI 
Results
Morphological characterization and size distribution of the isolated vesicles preparations
Apoptotic bodies populations contained in the blood samples of a total of six patients, two diagnosed with ischemic stroke, two diagnosed with multiple sclerosis, and two diagnosed with Parkinson´s disease (clinical information for the patients is shown in Table 1 ), were collected following the described isolation protocol (Figure 1 and Material and methods) and, subsequently visualized by transmission electron microscopy (TEM) and analyzed by dynamic light scattering (DLS). Electron microscopic images of the isolated vesicle preparations showed round-shaped membrane structures containing compact, electron-dense chromatin distributed throughout the vesicles (Figure 2) , which strongly resembles the described characteristics for apoptotic bodies isolated from cultured tissue and cells [17, 18] . It is interesting to note that the microscopic examination revealed the presence of abundant intact vesicles whereas the finding of disrupted or fused vesicles was occasional, suggesting that the developed method based on serial centrifugations is able to isolate apoptotic bodies that preserve plasma membrane integrity. Next, the samples of isolated vesicles, morphologically similar to apoptotic bodies, were subjected to a lightscattering approach to obtain the size distribution of these apoptotic vesicles ( Figure   3A ). As depicted in the DLS analysis, the preparations displayed a homogeneous size distribution in which the main intensity particle population had a diameter ranging from 860 to 1350nm, from 800 to 1050nm and from 690 to 990nm for samples obtained of patients with ischemic stroke, multiple sclerosis and Parkinson´s disease, respectively.
We additionally found, in all cases, a minority population, generally representing less than 20% of the total particles, with a size much smaller than that displayed by the majority vesicles. It suggests the presence, in the samples of isolated apoptotic bodies, of a limited proportion of other types of extracellular vesicles, such as microparticles and exosomes, which have been reported to be also present in human plasma.
Nucleosome-sized DNA fragments packaged in plasma apoptotic bodies
Among the many markers of apoptosis, DNA cleavage (formation of 180-200bp DNA fragments) caused mainly by the action of nuclear endonucleases, is considered a hallmark [19] . Since, to date, it is unknown whether the DNA harbored by circulating apoptotic bodies has a similar pattern to that described in in vitro cells undergoing apoptosis, we further studied the DNA content of these vesicles using a Bioanalyzer, an automated on-chip electrophoresis system which is widely used for sizing of DNA [20] .
Migration of DNA fragments extracted from patients with ischemic stroke, multiple sclerosis and Parkinson´s disease, respectively, was similar in the three gel matrices and there were no differences in the shape of the curves, regardless of the group of patient from which apoptotic bodies were isolated. Thus, the analysis revealed one sharp and dominant peak corresponding to a nearly 150-200bp target size and a weak almost negligible peak, indicating plasma apoptotic bodies exclusively carrying nucleosomesized DNA fragments ( Figure 3B ).
Assessment of yield achieved by the isolation apoptotic bodies method
In order to appraise the broad applicability to clinical routine workflow of our procedure for the isolation of human circulating apoptotic bodies, we next evaluated the isolation efficiency of such method by flow cytometry analysis. This technique offers the advantage of being commonly available at most research and clinical facilities and it appears reliable for the quantification and characterization of microvesicles [21] [22] [23] . In this study, we took advantage of three features of apoptotic bodies, external exposure of phosphatidylserine, presence of pores on the membrane and that they contain DNA [24] , in order to analyze these vesicles by means of flow cytometry. Thus, the number of apoptotic bodies was measured as the number of double positive events in the representative flow cytometry dot plots, after incubation with fluorochrome-conjugated Annexin V, phosphatidylserine-binding protein, and propidium iodide (PI), a DNA intercalating agent that passes through membrane pores) ( Figure 4A ). Apoptotic bodies were previously defined by a gating method on the FSC-SSC dot plot using sizecalibrated fluorescent beads.
To calculate the yield of the isolation procedure, first, the concentration of isolated apoptotic bodies-sized vesicles in the preparations obtained from blood samples of 16 neurological patients was determined according to the number of AnnexinV/PI double positive events and the analyzed volume of each sample on the flow cytometer.
Subsequently, such measurements were expressed as the number of isolated apoptotic bodies by a 50µl-fixed volume of initial plasma ( Figure 4B ). In parallel, in each subject blood sample, before proceeding to isolate apoptotic bodies, one part of the plasma phase was removed, stained with APC-Annexin V and PI, and analyzed, in the same manner, using the flow cytometer to calculate the total number of apoptotic bodies present in a 50µl-fixed volume of the unprocessed plasma ( Figure 4B ). Next, the comparison of the amount of apoptotic bodies detected by flow cytometry in the preparations obtained after the isolation method and the levels of these apoptotic vesicles found in the unprocessed plasma allowed us to verify that a high abundance of apoptotic bodies was sedimented after applying the developed centrifugation-based procedure. Specifically, the pellets obtained from eight patients with acute ischemic stroke, four patients with multiple sclerosis and four patients with Parkinson´s disease contained 78.4%±4.5%, 78.5%±3.8% and 79%±3.6%, respectively, of the total apoptotic bodies pool present in the original plasma ( Figure 4B ,C). These findings clearly indicate that our procedure efficiently pellets down a substantial amount of the apoptotic bodies present in blood samples. The high throughput recorded was reproducible in all neurological patients, regardless of their disease.
Determination of purity degree of the isolated apoptotic bodies samples
For extracellular vesicle research, it is not only important that the isolation methodology provides high recovery rates but also that it is further accompanied by a low degree of other microvesicle contamination. Therefore, we evaluated the purity of the isolated apoptotic bodies preparations obtained from blood samples of the aforementioned neurological patients. To this end, the annexinV/PI stained isolated vesicles preparations were similarly analyzed by flow cytometry with the additional aim of quantifying all extracellular membrane vesicles present in such samples. Given that the diversity of secreted vesicle subpopulations, including apoptotic bodies and other smaller vesicles, has been reported as characterized by phophatidylserine externalization on cell membranes [25, 26] , first, the concentration of the membrane vesicles pool in the isolated apoptotic bodies samples was calculated as the total number of positive events for Annexin V by a 50µl-fixed volume of the preparation. Next, the amount of apoptotic bodies in the samples was measured as described previously as double-positive events for Annexin V and propidium iodide, but in relation to a 50µlfixed volume of the isolated vesicles sample. Finally, the number of non-apoptotic vesicles by a 50µl-fixed volume of the preparation was further determined on the basis that these particles are recorded as positive events for Annexin V and negative for PI ( Figure 5A ). The relative percentage of apoptotic bodies in the preparations obtained from stroke patients as well as in the samples collected from subjects with neurodegenerative diseases was more than 80% while the amount of microvesicles and exosomes found comprised less than 20% of total vesicles ( Figure 5B ). Collectively, the flow cytometry studies demonstrate that the developed method is capable both of producing considerable recovery rates in the obtaining circulating apoptotic bodies and of successfully removing (up to 80%) plasma vesicle contaminants.
Discussion
Extracellular vesicles (EVs), heterogeneous membrane vesicles released by cells into their microenvironment and blood circulation, are considered to play a fundamental role in many physiological and pathological processes [27] [28] [29] . Apoptotic bodies, the largest EVs (800-5000nm in diameter), are released by all cell types during the late stages of apoptosis. Microparticles or microvesicles, defined as 200-1000nm in size, are formed from the outward blebbing of the plasma membrane and subsequent shedding into extracellular space, whereas exosomes, the smallest membrane vesicles (40 and 100nm in diameter), are liberated into extracellular space by the fusion of the multivesicular body with the plasma membrane [30] . Research into EVs has been rising during the last decade, being microvesicles and exosomes the best characterized vesicle populations [25] . Indeed, there is available and updated information elucidating the most efficient methods for obtaining high yields of these highly-purified vesicles from both cell culture and complex biological fluids, such as plasma [31] [32] [33] . However, it is striking that apoptotic bodies have often been overlooked in studies of circulating vesicles. To date, no procedures for isolating apoptotic bodies from blood samples in which the percentage recovery and grade of contamination with other vesicles have been detailed.
In this context, the authors here report an easy-to-perform and rapid protocol for apoptotic body collection from neurological patient-derived plasma samples. The microscopic examinations along with dynamic light scattering analysis revealed that the circulating vesicles isolated from acute stroke patients and subjects suffering multiple sclerosis and Parkinson´s disease, displayed morphology and sizes corresponding to apoptotic bodies. More importantly, these studies demonstrate that, using the developed protocol, it is possible to recover circulating intact apoptotic bodies that could be quantified using flow cytometry techniques, in order to assess the yield and purity obtained by the proposed isolation method. Interestingly, the results revealed that such procedure is able to collect the majority of apoptotic bodies present in the plasma of patients with ischemic stroke and neurodegenerative diseases. Furthermore, the isolated apoptotic bodies exhibited a high level of purity, since the proportion other microparticles was less that 20%. It is interesting to mention that another relevant and practical application of getting isolated apoptotic bodies that maintain the integrity of their membrane is that, in addition to its quantification, the identification of the cell type from which they are generated as a result of cell death via apoptosis is achievable, by the use of antibodies against a cell type-specific surface marker.
It should be highlighted that the isolation procedure of unbroken apoptotic bodies from neurological patients blood samples could be of great utility for in vivo study of apoptosis in pathologies, such as cerebral ischemia, multiple sclerosis and Parkinson´s disease, in which alteration of such cell death type has been identified as the main mechanism involved [9] [10] [11] [12] . Specifically, the quantification of circulating isolated apoptotic bodies would potentially serve as a non-invasive tool for determining the degree of apoptotic cell death that has occurred in a particular neurological patient, which is, in fact, highly relevant to the understanding and treatment of such human diseases.
Diverse precise methods have been developed to examine the extent of apoptosis, among which the most widely used is the TUNEL assay, relies on the determination of DNA fragmentation and the detection of phosphatidylserine on the outside of plasma membrane of apoptotic cells using Annexin V [13] . These conventional approaches, however, include tissue sampling using invasive techniques, which makes it difficult and challenging for implementation in daily clinical practice. To overcome this limitation, several techniques for non-invasively detection and imaging of apoptosis have been developed and assayed in mouse models as well as in patients over the last years. These molecular imaging studies have mainly focused on the use of fluorescent or radiolabeled annexin V, protein that binds selectively to phosphatidylserine, a recognition signal on the outer cell membrane of apoptotic cells [34] . However, these detection approaches presents numerous challenges, including the presence of high levels of background fluorescence due to the presence of numerous fluorescent species in biological samples tissues [35] and the massive accumulation of the radionuclide in the kidney, spleen and liver that limit the amount of activity that can be administered and, hence, the sensitivity of the approach [36] . Furthermore, externalization of phosphatidylserines does not exclusively occur during apoptosis but also during other pathological conditions, such as under high-stress situations [37] . Another strategy in apoptosis imaging tries to target intracellular caspases, a key player in the apoptotic cascade. Development of protease-specific probes allows monitoring of caspase activation in vivo by a reporter gene assay, in which luciferase is activated upon cleavage of a caspase3-specific DEVD peptide motif [38] . Nonetheless, this approach, based on the use of a bioluminescent probe, cannot be directly translated into the clinic due to the need for intracellular delivery of reporter construct or to have luciferaseexpressing cell lines.
In this context, the authors describe in this work a new mean of monitoring apoptotic death in living that presents an alternative to address the inherent challenges of Alternatively, it should be noted that isolation and quantification of circulating apoptotic bodies could be a tool to take into account for providing new insights into the pathogenesis of specific diseases, which currently remain unclear. Recent studies have suggested that alterations in the core components of necrosis or a defective autophagy pathway could be other pathological mechanisms that either acts alone or in conjunction with apoptosis as a trigger to progression of some pathologies including certain neurodegenerative diseases, lysosomal storage disorders and several cancers [5, 8, 10] . Therefore, to better understand unwarranted loss of cells in human diseases of unknown etiology, it would be important to assess whether and to what extent apoptotic death is implicated. For this purpose, the accurate measurement of apoptotic bodies present in blood samples would be of great value.
In conclusion, the isolation and quantification of plasma apoptotic bodies represents an important new tool in the continuously growing approaches for the in vivo apoptosis detection, with significant improvement to tried-and-tested and experimental available research techniques. These apoptotic vesicles may have potential to serve as a valuable disease biomarker in the prognosis and evaluation of therapeutic efficiency in diseases such as ischemic stroke, multiple sclerosis and Parkinson´s disease. Nonetheless, due to the lack of standardized purification methods, the scientific community has not yet fully taken advantage of such apoptotic bodies. In this line, the authors have elaborated a minimally time-consuming and easy to achieve method for high yield isolation of highly purified intact apoptotic bodies from neurological patients blood samples. Our procedure is easily reproducible, of low economic cost and uses common laboratory ware and equipment, which facilitate its immediate application in a daily hospital routine. Whole blood was drawn from patients with either ischemic stroke or neurodegenerative pathology by venipuncture and collected into tubes that contained an anticoagulant (sodium citrate). The plasma phase were separated from blood cells by a first 24 centrifugation (at 160xg for 10 minutes). After that, such plasma was centrifuged (at 700xg for 10 minutes) again to spin down the cellular debris. The fluid was then collected, diluted 1:1 with TBS 1X and further used to isolate apoptotic bodies.
Figure captions
Apoptotic bodies were pelleted by centrifugation at 14,000xg for 30 minutes. 
